Background: Hypertriglyceridemia is a common metabolic complication of chronic kidney disease (CKD) and an important risk factor for coronary heart disease in this patient population. The mechanisms responsible for the development of hypertriglyceridemia in subjects with CKD are not clear. Methods: We studied very low density lipoprotein triglyceride (VLDL-TG) and VLDL-apolipoprotein B-100 (VLDL-apoB-100) kinetics in vivo in 6 subjects with non-dialysis-dependent CKD (CKD-ND), 6 subjects with CKD treated with peritoneal dialysis (CKD-PD) and 24 sex-, age-and body mass index-matched control subjects with normal renal function (12 control subjects each matched with the CKD-ND and CKD-PD group, respectively). Results: The secretion rates of VLDL-TG and VLDL-apoB-100 into plasma were not different between CKD-ND or CKD-PD and their respective control groups. The mean residence times of VLDL-TG and VLDLapoB-100 in plasma, which represents the time VLDL-TG and VLDL-apoB-100 spend in the circulation after secretion by the liver, tended to be greater in subjects with CKD-ND than in control subjects (222 8 38 vs. 143 8 21 min, p = 0.07, and 352 8 102 vs. 200 8 20 min, p = 0.06, respectively) and were about two-fold greater in subjects with CKD-PD compared with their control group (248 8 51 vs. 143 8 21 min and 526 8 116 vs. 182 8 16 min, respectively; both p ^ 0.01). Conclusion: Impaired plasma clearance of VLDL-TG and VLDL-apoB-100 is the major abnormality associated with hypertriglyceridemia in patients with either CKD-ND or CKD-PD.
Introduction
Hypertriglyceridemia is a major metabolic abnormality associated with chronic kidney disease (CKD) [1] , and is likely an important contributor to the marked increase in mortality from coronary heart disease observed in this patient population [1, 2] . The deterioration in renal function is associated with increases in serum triglyceride (TG) and very low density lipoprotein-apolipoprotein B-100 (VLDL-apoB-100) concentrations that are most pronounced in patients with renal failure undergoing dialysis [3] . The exact mechanisms responsible for the development of hypertriglyceridemia in patients with CKD are not clear because of data from different studies reporting either impaired catabolism alone or a combination of impaired catabolism and increased secretion of VLDL-apoB-100 and VLDL-TG from the liver [4] [5] [6] [7] [8] [9] . The reason(s) for the discrepancies between studies is not known, but could be related to differences in the severity of kidney disease and whether dialysis was used to treat renal failure among study populations. We are aware of only one study that compared subjects with renal disease who were treated conservatively with those treated with dialysis [9] . The results from this study indicate that dialysis was associated with an increased hepatic VLDL-apoB-100 secretion rate and a reduced intravascular VLDL-apoB-100 catabolic rate; however, VLDL-TG kinetics were not evaluated.
The purpose of the present study was to evaluate VLDL-TG and VLDL-apoB-100 kinetics in patients with CKD who do not require dialysis and patients with more severe renal dysfunction who require dialysis therapy. We hypothesized that patients with CKD who do not need dialysis therapy would demonstrate impaired plasma clearance of VLDL-TG and VLDL-apoB-100, whereas patients who require dialysis would demonstrate both impaired plasma clearance and increased hepatic secretion of VLDL-TG and VLDL-apoB-100. Stable isotopically labeled tracer infusions, in conjunction with mathematical modeling, were used to assess plasma VLDL-TG and VLDL-apoB-100 kinetics in subjects with CKD and sex-, ageand body mass index (BMI)-matched control subjects with normal renal function.
Subjects and Methods

Subjects
Four groups of subjects participated in this study: (1) 6 subjects with CKD who did not require dialysis (non-dialysis-dependent CKD, CKD-ND); (2) 6 subjects with CKD which led to renal failure and required dialysis (CKD treated with peritoneal dialysis, CKD-PD); (3) 12 sex-, age-, and BMI-matched control subjects for group 1 (CKD-ND subjects), and (4) 12 sex-, age-, and BMI-matched control subjects for group 2 (CKD-PD subjects). CKD-ND subjects were included if they had stage 3 or 4 CKD and were not being treated with dialysis or expected to require dialysis therapy within the next 6 months. Subjects with CKD-PD were included if they were being treated with continuous ambulatory peritoneal or automated peritoneal dialysis for 6 6 months, and the delivered dialysis dose was considered adequate (actual Kt/V was 2.7 8 0.2 per week; mean 8 SEM) as determined within 3 months prior to the study. The causes for CKD were as follows: hypertension (n = 3; 2 CKD-ND, 1 CKD-PD), polycystic kidney disease (2 CKD-ND), glomerulonephritis (n = 3; membranoproliferative glomerulonephritis: 1 CKD-ND, 1 CKD-PD; IgM glomerulonephritis: 1 CKD-PD), Alport syndrome (1 CKD-PD), multiple renal stones and surgeries (1 CKD-PD), and unknown causes (n = 2; 1 CKD-ND, 1 CKD-PD). All subjects completed a comprehensive medical evaluation, including a medical history, a physical examination, a resting 12-lead electrocardiogram, standard blood and urine tests, and an oral glucose tolerance test. Potential participants with severe hypertriglyceridemia (serum TG concentration 1 300 mg/dl), impaired oral glucose tolerance, diabetes, peritonitis within the last 3 months, and those taking lipid-lowering medications were excluded from this study. All subjects were weight stable ( ! 2% change in body weight) and sedentary (regular exercise ! 1 h/week) for 6 2 months and provided written informed consent before participation in the study, which was approved by the Human Research Protection Office at Washington University School of Medicine in St. Louis, Mo., USA.
Metabolic Study
Subjects were admitted to the Clinical Research Unit in the afternoon, after having been instructed to abstain from exercise and alcohol consumption for 3 days. Whole-body fat mass and fat-free mass were determined by using dual-energy X-ray absorptiometry (Hologic Delphi W, Waltham, Mass., USA). At 19: 00 h, they consumed a standard meal containing 12 kcal/kg fat-free mass, and then fasted (except for water) until completion of the study the next day. Subjects with CKD-PD drained their dialysate bag at 22: 00 h and abstained from further dialysis until completion of the metabolic study protocol the next day.
The following morning, at approximately 05: 30 h, a catheter was inserted into a forearm vein to administer stable isotopically labeled tracers and a second catheter was inserted into a contralateral hand vein, which was heated to 55 ° C by using a thermostatically controlled box to obtain arterialized blood samples. Immediately before the administration of labeled tracers (all purchased from Cambridge Isotope Laboratories, Andover, Mass., USA), blood samples were obtained to determine plasma substrate and insulin concentrations and background glycerol, palmitate, and leucine tracer-to-tracee ratios (TTR) in plasma and in VLDL-TG and VLDL-apoB-100. At 07: 00 h, a bolus of [1,1,2,3,3-2 H 5 ]glycerol (75 mol/kg body weight), dissolved in 0.9% NaCl solution, was administered through the catheter in the forearm vein, followed by constant infusions of [2,2-2 H 2 ]palmitate (0.03 mol/kg body weight ؒ min -1 ), dissolved in 25% human albumin solution, and [5,5,5-2 H 3 ]leucine (0.06 mol/kg body weight ؒ min -1 ; prime: 4.2 mol/kg body weight) dissolved in 0.9% NaCl solution, for 12 h. Blood samples were obtained at 5, 15, 30, 60, 90, 120 min and then every hour for 10 h to determine glycerol, palmitate, and leucine TTRs in plasma and in VLDL-TG and VLDL-apoB-100.
Blood samples were collected in chilled tubes containing EDTA to determine substrate concentrations, and EDTA plus trasylol to determine insulin concentrations. Samples were immediately submerged in ice, and plasma was separated by low speed centrifugation within 30 min of collection. Aliquots of plasma were refrigerated at 4 ° C for subsequent isolation of VLDL; the remaining plasma was stored at -80 ° C until final processing.
The VLDL fraction was isolated from plasma by ultracentrifugation (Optima LE-80K preparative ultracentrifuge equipped with a type 50.4 Ti rotor, Beckman Instruments) [10, 11] . Aliquots of the VLDL fraction were used for measuring VLDL-apoB-100 concentration immediately after collection; the remaining samples were stored at -80 ° C until further processing and analyses.
Plasma glucose concentration was determined by using an automated glucose analyzer (YSI 2300 STAT plus; Yellow Springs Instrument Co., Yellow Springs, Ohio, USA). Plasma insulin concentration was measured by using radioimmunoassay (Linco Research, St. Charles, Mo., USA). Plasma concentrations of total TG, total cholesterol, high density lipoprotein (HDL) cholesterol and LDL cholesterol were measured by standard hospital laboratory methods by using a Hitachi 917 autoanalyzer (Hitachi, Tokyo, Japan). Plasma free fatty acid concentrations were quantified by gas chromatography (Hewlett-Packard 5890-II, Palo Alto, Calif., USA) after adding heptadecanoic acid to plasma as an internal standard [12] . Plasma apoB-100 and VLDL-apoB-100 concentrations were measured by using a turbidimetric immunoassay (Wako Pure Chemical Industries Ltd., Osaka, Japan). Plasma VLDL-TG concentration was measured by using a colorimetric enzymatic kit (Sigma-Aldrich Co., St. Louis, Mo., USA).
Plasma free glycerol, palmitate, and leucine TTRs, the TTRs of glycerol and palmitate in VLDL-TG, and the TTR of leucine in VLDL-apoB-100 were determined by using gas chromatography-mass spectrometry (GC-MS; MSD 5973 System, Hewlett-Packard) as previously described [10] [11] [12] [13] [14] [15] [16] . Plasma free palmitate and palmitate in VLDL-TG were analyzed as methylesters. The heptafluorobutyryl derivative was formed for the analysis of glycerol in plasma and VLDL-TG, the N-heptafluorobutyryl n-propyl ester derivative was used for leucine in VLDL-apoB-100, and the t -butyldimethylsilyl ( t -BDMS) derivative was used for free leucine in plasma.
Calculations
Estimated glomerular filtration rate was calculated by using the four-component Modification of Diet in Renal Disease (MDRD) Study equation [17] . Creatinine clearance rate was calculated by dividing the product of urine creatinine concentration (in milligrams per milliliter) ! 24-hour volume (in milliliters) by serum creatinine concentration (in milligrams per milliliter).
The fractional turnover rates (FTR) of VLDL-TG and VLDL-apoB-100 were determined by fitting the glycerol and leucine TTR time courses in plasma and in VLDL-TG and VLDL-apoB-100, respectively, to a multicompartmental model as previously described [10, 11, 15] . The hepatic secretion rates of VLDL-TG (in micromoles per liter of plasma per minute) and VLDL-apoB-100 (in nanomoles per liter of plasma per minute) into plasma, which represent the amounts of VLDL-TG and VLDL-apoB-100 (i.e. VLDL particles) secreted by the liver per unit of plasma, were calculated by multiplying the FTR of VLDL-TG and VLDL-apoB-100 (in pools per minute) by the concentrations of VLDL-TG (in micromoles per liter) and VLDL-apoB-100 (in nanomoles per liter) in plasma, respectively [10, 11, 15] . The mean residence times (MRT) of VLDL-TG and VLDL-apoB-100, which represents the time VLDL-TG and VLDL-apoB-100 spend in the circulation after secretion by the liver, was calculated as 1/FTR. The palmitate rate of appearance in plasma was calculated by dividing the palmitate tracer infusion rate by the average plasma palmitate TTR values between 60 and 240 min.
The homeostasis model assessment of insulin resistance (HOMA-IR) score, an index of whole-body insulin resistance, was calculated by multiplying the plasma concentrations of insulin (in microunits per milliliter) and glucose (in millimoles per liter) and then dividing this value by 22.5 [18] .
Statistical Analyses
For normally distributed variables, data are presented as means 8 SEM and Student's t test was used to evaluate differences between subjects with CKD-ND and their controls and subjects with CKD-PD and their controls. For non-normally distributed variables, data are presented as median and quartiles and data were log transformed for analysis; Mann-Whitney U test was used for those that failed to be normally distributed after log transformation. All analyses were performed using SAS software version 9.1 (SAS Institute, Cary, N.C., USA). A p value of ^ 0.05 was considered statistically significant.
Results
Characteristics of the Study Subjects
The estimated glomerular filtration rate was 22.2 8 3.3 ml/min/1.73 m 2 in subjects with CKD-ND. Creatinine clearance rate and 24-hour urine volume were 34 8 6 ml/min and 2.4 8 0.3 liters in subjects with CKD-ND and 6.6 8 2.4 ml/min and 0.5 8 0.2 liters in subjects with CKD-PD.
Subjects with CKD-ND and CKD-PD and their corresponding control subjects were matched on sex, age, BMI and body composition ( table 1 ) . Serum creatinine and urea nitrogen concentrations were significantly greater in CKD-ND and CKD-PD than their respective control subjects (all p ! 0.05; table 2 ). Mean plasma glucose concentration was not different between subjects with CKD-ND and subjects of their corresponding control group but was lower in subjects with CKD-PD than in subjects of their control group (p = 0.025). Nonetheless, plasma insulin concentration and HOMA-IR score were not different between subjects with CKD-ND and CKD-PD and their corresponding control groups ( table 1 ). Plasma free fatty acid, total cholesterol and LDL-cholesterol concentrations were not different be- tween CKD-ND or CKD-PD and their control subjects ( table 2 ) . HDL cholesterol concentration was not different between CKD-ND and control subjects, but was ϳ 30% less in CKD-PD than their control subjects (p ! 0.01). Total plasma TG, VLDL-TG and VLDLapoB-100 concentrations were 10-30% greater in subjects with CKD-ND than in control subjects, but the differences did not reach statistical significance at the p ! 0.05 level ( table 2 ) . Total plasma TG, VLDL-TG, and VLDL-apoB-100 concentrations in subjects with CKD-PD were more than double the corresponding values in control subjects (all p ^ 0.001; table 2 ).
Lipid Kinetics
The palmitate rate of appearance into plasma was not different between CKD-ND and control subjects (1.1 8 0.1 and 1.3 8 0.1 mol/kg fat-free mass/min, respectively) or CKD-PD and control subjects (1.1 8 0.1 and 1.3 8 0.2 mol/kg fat-free mass/min, respectively).
The secretion rates of VLDL-TG and VLDL-apoB-100 into plasma were not different between subjects with CKD-ND or CKD-PD and their respective control groups ( fig. 1 ) . Consequently, the molar ratio of VLDL-TG to VLDL-apoB-100 secretion rates was also not different between CKD-ND and control subjects (11,456 8 2,003 and 15,546 8 3,528, respectively) or CKD-PD and control subjects (16, 925 8 1,929 and 17,526 8 3,948, respectively) . The MRT of VLDL-TG tended to be greater (p = 0.07) in CKD-ND than control subjects ( fig. 1 ) and was two-fold greater in CKD-PD than control subjects (p = 0.006; fig. 1 ). The MRT of VLDLapoB-100 in plasma tended to be greater in CKD-ND than control subjects (p = 0.06) and was more than two-fold greater (p = 0.001) in CKD-PD than their control subjects ( fig. 1 ).
Discussion
Hypertriglyceridemia is a common feature of CKD [1] and an important risk factor for coronary heart disease [19] , which is the major cause of mortality in patients with CKD [2] . In the present study, we evaluated lipoprotein kinetics in subjects with stage 3 and 4 CKD Va lues are means 8 SEM or medians (quartiles). * Value is significantly different from that of the corresponding control group; p < 0.05. ** Value is significantly different from that of the corresponding control group; p < 0.005. and in subjects with stage 5 CKD receiving peritoneal dialysis to determine the metabolic mechanisms responsible for the increase in plasma TG. Our data demonstrate that impaired plasma clearance of VLDL-TG and VLDL-apoB-100 is the major abnormality accounting for hypertriglyceridemia in CKD. Moreover, the impairment in VLDL-TG and VLDL-apoB-100 plasma clearance tended to be more pronounced in stage 5 CKD than in less severe stage 3 and 4 CKD, which helps explain the gradual increase in plasma TG concentrations associated with progressive renal deterioration [3] .
The mechanisms responsible for the impaired plasma clearance of VLDL-TG and VLDLapoB-100 in subjects with CKD are likely multifactorial. Data from studies conducted in both rodents and patients have shown CKD is associated with a decrease in plasma, adipose tissue and muscle lipase activities [20] [21] [22] , which regulate the catabolism of circulating TG. However, there is no direct correlation between plasma TG concentration and lipase activity in rodent models or renal disease [20] , suggesting that the increase in TG concentration is not simply a function of a decrease in lipase action. Several factors might contribute to the absence of an association between serum TG clearance and measured lipase activity. First, it is possible that the assessment of tissue lipase activity, which involves measuring V max ex vivo or post-heparin plasma lipase activity, does not provide a reliable measure of actual enzyme activity in vivo. Second, VLDL-apoB-100, which provides the structural framework for TG incorporation, has considerable capacity to accumulate TG [23, 24] . The TG content of nascent VLDL particles secreted by the liver can influence intravascular VLDL metabolism because larger, TG-rich particles are more susceptible to lipolysis by lipoprotein lipase than smaller particles [25, 26] . However, we found no difference in the relative secretion rates of VLDL-TG and VLDL-apoB-100 between subjects with CKD and healthy control subjects, which suggests that, on average, the TG content of nascent VLDL was not increased in the CKD group. Third, the availability of apoC-I, apoC-II, apoC-III, and apoE, which are added to VLDL during assembly in the liver or are transferred to VLDL from HDL in the circulation, can affect the lipolytic activity [27] [28] [29] [30] [31] , and a relative deficiency in apoC-II and increase in apoC-I and apoC-III has been reported in VLDL of subjects with CKD [31] [32] [33] . In addition, the kidney expresses both lipoprotein lipase and VLDL receptor [34, 35] ; therefore, CKD may affect the clearance of VLDL-TG and VLDL particles directly. Although we did not find an increased secretion of VLDL particles or VLDL-TG in subjects with CKD, other investigators have reported an increase in VLDL-TG and VLDLapoB-100 secretion in addition to impaired plasma VLDL-TG and VLDL-apoB-100 clearance in subjects with CKD [4, 5, 8, 9] . The reasons for this discrepancy are not entirely clear but could be due to the fact that VLDL-TG and VLDL-apoB-100 secretion rates in the studies that report overproduction of VLDL-TG and VLDL-apoB-100 in CKD used estimates of plasma volume for healthy subjects to calculate secretion rates (i.e. FTR ! plasma concentration ! plasma volume), which can be unreliable in subjects with CKD. We avoided this potential bias by calculating hepatic VLDL-TG and VLDL-apoB-100 secretion rates per unit of plasma (i.e. FTR ! plasma concentration) and obtained results that are consistent with those from a study in which plasma volume was directly measured in all study subjects (i.e. those with CKD and healthy controls) [6] . It is also possible that we did not detect a difference in hepatic secretion of VLDL-TG and VLDL-apoB-100 in our subjects with CKD and their controls because there is evidence that only the secretion of large VLDL (VLDL1) but not the secretion of small VLDL (VLDL2) is affected by CKD [9] .
It is possible that we failed to observe a significant effect of CKD on hepatic VLDL-TG and VLDL-apoB-100 secretion and/or a significant effect of CKD-ND on VLDL-TG and VLDL-apoB-100 MRT because of a statistical type 2 error, due to the small number of subjects. However, based on the reproducibility of VLDL-TG and VLDL-apoB-100 kinetic and concentration measurements in our laboratory [10, 36] , our study was adequately powered (80%) to detect a 25-35% difference in VLDL-apoB-100 and VLDL-TG secretion rates.
In summary, the results from our study demonstrate that hypertriglyceridemia in CKD is due to impaired plasma clearance and not hepatic hypersecretion of VLDL-TG and VLDLapoB-100. These data suggest that medications or lifestyle changes that increase VLDL-TG clearance from plasma might be a particularly useful therapeutic approach for treating hypertriglyceridemia in this patient population.
